The state of the art for currently flying space solar photovoltaic arrays is represented by the following key metrics: Areal Power: < 300 W/m 2 , Specific Power: < 60 W/kg and Operating Voltage: < 200 V. To enable the most ambitious and challenging space missions 10-20 years in the future, each of these performance metrics must be improved dramatically. Only one future solar array technology has the potential to simultaneously extend all of these performance metrics: ultra-light refractive concentrator array technology. Under NASA funding, our team has recently developed a near-term rigid-panel concentrator array with the following excellent metrics: Areal Power: > 300 W/m 2 , Specific Power: > 180 W/kg, and Operating Voltage: > 500 V. More recently, under NASA and NSF funding, our team has been investigating longer term versions of the same basic technology, and has identified a path to the following revolutionary metrics: Areal Power: > 600 W/m 2 , Specific Power: > 1,000 W/kg, Operating Voltage: > 1,000 V. In addition to these breakthrough performance metrics, the cost ($/W) of the far-term ultra-light concentrator will be much lower than for competing approaches, the stowed power at launch will be unprecedented at more than 100 kW/m 3 , and the array capacity will be extended from the current limit of about 30 kW to 100 kW and, eventually, to multi-MW systems. The paper describes the ultra-light concentrator technology, including the developmental road map to achieve the mission-enabling far-term performance metrics summarized above.
INTRODUCTION AND BACKGROUND
Since 1986, ENTECH and NASA have been developing and refining space photovoltaic arrays using refractive concentrator technology (Piszczor, 1987) . Unlike reflective concentrators, these refractive Fresnel lens concentrators can be configured to minimize the effects of shape errors, enabling straightforward manufacture, assembly, and operation on orbit. By using a unique arch shape, these Fresnel lenses provide more than 100X larger slope error tolerance than either reflective concentrators or conventional flat Fresnel lens concentrators (O'Neill, 1995) .
In the early 1990's, the first refractive concentrator array was developed and flown on the PASP Plus mission, which included a number of small advanced arrays (Curtis, 1996) . The refractive concentrator array used ENTECH mini-dome lenses over Boeing mechanically stacked multi-junction (MJ) cells (GaAs over GaSb). The mini-dome lenses were made by ENTECH from space-qualified silicone (DC 93-500), and coated by Boeing and OCLI to provide protection against space ultraviolet (UV) radiation and atomic oxygen (AO). Fig. 1 shows the mini-dome lens array which flew on PASP Plus. This array performed extremely well throughout the year-long mission in a high-radiation, 70-degree inclination, 363 km by 2,550 km elliptical orbit, validating both the high performance and radiation hardness of the refractive concentrator approach (Curtis, 1996) . In addition, in high-voltage space plasma interaction experiments, the refractive concentrator array was able to withstand cell voltage excursions to 500 V relative to the plasma with minimal environmental interaction (Curtis, 1996) .
In the middle 1990's, ENTECH and NASA developed a new line-focus Fresnel lens concentrator, which is easier to make and more cost-effective than the mini-dome lens concentrator. Using a continuous roll-to-roll process, 3M can now rapidly mass-produce the line-focus silicone lens material in any desired quantity.
In 1994, ABLE joined the refractive concentrator team and led the development of the SCARLET ® (Solar Concentrator Array using Refractive Linear Element Technology) solar array (Jones, 1996) . SCARLET used a small (8.5 cm wide aperture) silicone Fresnel lens to focus sunlight at 8X concentration onto radiatively cooled triple-junction cells. Launched in October 1998, a 2.5 kW SCARLET array powered both the spacecraft and the ion engine on the NASA/JPL Deep Space 1 probe, shown in Fig. 2 . SCARLET achieved over 200 W/m 2 areal power density and over 45 W/kg specific power, the best performance metrics up to that time (Murphy, 2000) . The SCARLET array was the first solar array to fly using triple junction solar cells as the principal power source for a spacecraft. With SCARLET working flawlessly, Deep Space 1 had a spectacularly successful rendezvous with the comet, Borrelly, in September 2001, capturing the highest-resolution images of a comet to date and other unprecedented comet data. At the end of the 38-month extended mission, in December 2001, SCARLET's power was still within + 2% of predictions. The SCARLET array won the Schreiber-Spence Technology Achievement Award in 1999 (presented at a previous STAIF conference), and the NASA Turning Goals into Reality Award in 2001.
Over the past four years, the team, now including Auburn University, has developed an ultra-light version of the flight-proven SCARLET array, called the Stretched Lens Array (SLA), with much better performance metrics, as described in the following paragraphs (O'Neill, 2002) .
The Stretched Lens Array (SLA) is an evolved version of SCARLET, retaining the essential power-generating elements (the silicone Fresnel lens, the multi-junction solar cells, and the composite radiator sheet) while discarding many of the non-power-generating elements (the lens glass arch superstrates, the lens support frames, the photovoltaic receiver support bars, and most of the honeycomb and back face sheet material in the panels). Fig. 3 shows the near-term, low-risk, rigid-panel version of SLA. The defining feature of SLA that enables the elimination of so many elements of the SCARLET array is the stretched lens optical concentrator (Fig. 4) . By using pop-up arches to stretch the silicone Fresnel lens in the lengthwise direction only, these lenses become self-supporting stressed membranes. SCARLET's glass arches are thus no longer needed, eliminating their complexity, fragility, expense, and mass in the new, patented SLA (O'Neill, 2000b) . With this substantial lens-related mass reduction, the supporting panel structural loads are reduced, making ultra-light panels practical for SLA. This cascading massreducing effect of the stretched lenses continues throughout the SLA wing structure, resulting in unprecedented performance metrics. Because of its 8.5X geometric concentration ratio, SLA saves over 85% of the required area, mass and cost of the multi-junction solar cells per Watt of power produced. Significantly, the total combined areal mass density (kg per m 2 of sun-collecting aperture area) of the lens material, the radiator sheet material, and the fully assembled photovoltaic receiver is much less (about 50%) than for a one-sun multi-junction cell assembly alone (unmounted). Thus, SLA has a substantial inherent mass advantage over planar, one-sun multi-junction-cell solar arrays. Similarly, due to its 85% cell area and cost savings, SLA has a substantial inherent power cost advantage ($/W) over such planar multi-junction-cell arrays. All three refractive concentrator arrays discussed above, the mini-dome lens, SCARLET, and SLA, use Fresnel lens optical elements based on the same symmetrical refraction principle, shown schematically in Fig. 5 . Solar rays intercept the smooth convex outer lens surface and are each refracted by the curved outer surface by one half the angular amount needed to focus these rays onto the solar cell. The other half of the required refraction is performed as the rays leave the inner prismatic lens surface. Thus, the solar ray incidence angle at the smooth outer surface equals the solar ray emergence angle at the prismatic inner surface for every ray, as shown in the enlarged view of the lens in Fig. 5 . This symmetrical refraction (angle in = angle out) condition minimizes reflection losses at the two lens surfaces, thereby providing maximal optical performance, while also offering unprecedented error tolerance for the mini-dome, SCARLET, and SLA lenses (O'Neill, 1995) . The mini-dome lens array uses a point-focus (3D) version of the symmetrical refraction lens, while both SCARLET and SLA use a line-focus (2D) version of the symmetrical refraction lens. The multitude of prisms in the symmetrical-refraction lens allows the individual prism angles to be tweaked to tailor the photon flux profile over the solar cell, both spatially and spectrally. For example, a patented optical innovation incorporated into the SCARLET and SLA lenses is an alternating-prism color-mixing feature that is critical to the optimal performance of monolithic multi-junction cells placed in the focus of such lenses (O'Neill, 2000a) . 
PRESENT RIGID-PANEL STRETCHED LENS (SLA) ARRAY STATUS
Built and successfully tested in 2002, the rigid-panel SLA prototype wing in Fig. 3 included several complete photovoltaic receivers, each 0.5 m long and containing 14 series-connected triple-junction solar cells. The solar-toelectric conversion efficiency of each lens/receiver assembly was measured in a state-of-the-art solar simulator, using NASA Lear-Jet-flown reference cells for calibration. The net aperture area efficiency of the best lens/receiver assembly was 27.5% under simulated space sunlight (AM0 spectrum) at 28C cell temperature (Piszczor, 2003) . This net efficiency corresponds to 31% cell efficiency times 90% lens optical efficiency, and also matches separate NASA Lear Jet measurements on lens/cell units. On geostationary earth orbit (GEO), the operating cell temperature for SLA cells of this efficiency will be about 80C, resulting in a cell efficiency reduction factor of 87%. Combining this factor with the geometrical packing loss factor (95%), the net SLA efficiency at operating temperature on GEO at beginning of life (BOL) will be about 23%, corresponding to a wing-level areal power density well above 300 W/m 2 . At a 7 kW wing size, which is typical of current GEO communication satellites, the corresponding specific power is over 180 W/kg (BOL) at operating temperature. In addition, the well insulated photovoltaic receivers in the prototype SLA wing of Fig. 3 were wet hi-pot tested for possible leakage current with a 500 V potential applied between the cell circuits and the panel, and the measured leakage current was less than 1 micro-Amp for each receiver (Piszczor, 2003) . SLA's high-voltage capability is facilitated by the small size of the photovoltaic cells, which allows super-encapsulation of the cell circuits at low mass penalty. A flight test of the rigid-panel SLA is currently being planned under the NASA New Millennium Program Space Technology 8 (NMP-ST8) technology validation project.
ONGOING ADVANCED STRETCHED LENS ARRAY (SLA) DEVELOPMENTS
In addition to the near-term, low-risk rigid-panel version of SLA, an advanced version of SLA is also under development. The advanced version is a flexible-blanket SLA, similar to the small prototype array shown in Fig. 6 .
For this SLA version, the lenses form one flexible blanket while the radiator elements, containing the photovoltaic receivers, form a second flexible blanket. Both blankets fold up into a very compact stow volume for launch, and automatically deploy on orbit. One of the most efficient platforms for deploying and supporting the flexible-blanket version of SLA is the SquareRigger platform, developed by ABLE Engineering (Eskenazi, 2003) . The SquareRigger platform was originally developed by ABLE under funding from the Air Force Research Laboratory for use with thin-film photovoltaic blankets in space. However, with the much higher efficiencies achievable with SLA compared to thin-film photovoltaics, the marriage of SLA and SquareRigger provides unprecedented performance metrics, summarized in Table 1 ( O'Neill, 2003) .
Initial development of the SLA/SquareRigger technology, including a small prototype demonstrator, has recently been completed by ABLE Engineering, with ENTECH subcontract support, under a NASA Small Business Innovation Research (SBIR) Phase I contract (Eskenazi, 2003) . Additional development, including much larger scale hardware development, will be done under a recently announced SBIR Phase II contract. All of this development work is directed toward the SLA/SquareRigger array approach shown schematically in Fig. 7 . Analysis of this type of SLA/SquareRigger system led to the near-term and mid-term performance metric estimates of Table 1. Note that SLA/SquareRigger enables giant space solar arrays in the 100 kW to 1 MW class, with spectacular performance metrics (300 to 500 W/kg specific power, 80 to 120 kW/m 3 stowed power, and operational voltages above 1,000 V) in the near-term (within 5 years) to mid-term (within 10 years). The following section addresses the far-term SLA. 
FAR-TERM SOLAR CONCENTRATOR TECHNOLOGY
The previous sections of this paper have shown the steady progression in concentrator technology from the minidome lens concentrator of the mid-1990's to the SCARLET array of the late 1990's to the current rigid-panel version of the Stretched Lens Array (SLA) to the near-term and mid-term versions of SLA/SquareRigger. Each new generation of concentrator has provided a substantial improvement in each of the key performance metrics of space solar arrays. But where will this refractive concentrator technology be in the far-term 10-20 years out? The first clue is provided by the historical solar cell efficiency progression, summarized in Fig. 8 by the National Renewable Energy Lab (NREL) and applies to terrestrial solar cells (AM1.5 spectrum) at 25C, but the trends and relative technology placements are identical for space cells as well. Note that the highest efficiency photovoltaic technology is multi-junction concentrator cells. Note also that the fastest increase in efficiency with time is also occurring for multi-junction concentrator cells, which have seen their efficiencies more than double in the past 15 years, rising from about 17% to over 36%. Indeed, both Spectrolab in the U.S. (as shown in Fig. 8 ) and Sharp in Japan have reported over 36% multi-junction concentrator cell efficiency measurements in 2003 (Yamaguchi, 2003) . Where will this multi-junction concentrator cell efficiency be 20 years from now? Over 50% would seem to be a conservative wager, based on this past progression.
Similar far-term improvements in SLA mass reduction can also be projected. For example, ongoing research into a new lens material system, including the new nano-material, polyhedral oligomeric silsequioxalane (POSS), should result in a stronger, more robust stretched lens, which can then be made 20% thinner and lighter than the current pure silicone lens (Brandhorst, 2003) . Similarly, a tremendous research activity is currently ongoing world-wide on carbon nanotube technology, which will provide dramatic improvements in the composite radiator elements in SLA, and in the structural elements in the SquareRigger platform. Carbon nanotubes provide more than an order of magnitude improvement in both mechanical strength and thermal conductivity compared to the carbon fibers used in today's composite radiators and structural elements. Use of these carbon nanotubes in far-term radiator sheets for SLA will easily enable the thickness and mass of these sheets to be reduced by at least 50%. Similarly, in the cell area, all of the major manufacturers are working on thinner, lighter substrates for multi-junction cells, with a 40% cell mass reduction easily attainable in the far term. One near-term approach is to merely thin the germanium wafer used in today's cells. A longer term approach is to replace the germanium wafer with a thinner, stronger silicon wafer, which will require intermediate silicon-germanium alloys to overcome the lattice mismatch between the triple-junction cell materials and the silicon wafer (Yamaguchi, 2003) . The cell manufacturers are also developing integral bypass diodes, which eliminate the mass and complexity of currently used external bypass diodes. R&D is also being performed on a number of additional SLA mass reduction features, including a narrower, lighter, streamlined photovoltaic receiver assembly (fully encapsulated for > 1,000 V operation in space plasma), and a polyimide dielectric layer directly bonded to the radiator sheet to eliminate one layer of adhesive. The impact of these mass improvements on the far-term SLA blanket areal mass density is shown in the pie chart of Fig. 9 . These results show a total blanket areal mass density of 0.342 kg/m 2 , based on maintaining the existing scale (8.5 cm aperture width) and the existing geometric concentration ratio (8.5X with + 2 degree sun-pointing tolerance) for the far-term SLA. Additional mass reductions are possible by further optimizing these parameters.
The far-term SLA blanket areal mass density results of Fig. 9 can be combined with far-term cell efficiency estimates to project SLA's far-term specific power, with parametric results shown in the top curve of Fig. 10 . To generate this curve, the photovoltaic cell efficiency (abscissa) has been multiplied by the stretched lens optical efficiency (92%) and by the near-earth solar constant (1,366 W/m 2 ) to determine the areal power output. Thus, 48% cell efficiency leads to 600 W/m 2 areal power. Since these are first-order estimates, no second-order adjustments for cell operating temperature (which will be cooler for higher cell efficiencies) or packing factor have been included. The areal power output (W/m 2 ) divided by areal mass density (kg/m 2 ) provides the specific power (W/kg).
The specific power for the top curve of Fig. 9 is only for the SLA blanket, and does not include the deployment and support platform. For the SquareRigger platform discussed in previous sections and shown schematically in Fig. 7 , the SLA blanket areal mass is typically 60% of the total SLA/SquareRigger array areal mass, with the remaining 40% comprising the structural elements, deployment mechanisms, and other balance-of-array elements. After including this additional 40% balance-of-array mass in the calculation, the bottom curve of Fig. 10 shows the total far-term SLA/SquareRigger specific power. Note that this total array specific power exceeds 1,000 W/kg for cell efficiency values above 45%. Considering the cell efficiency trends to date in Fig. 8 , this far-term cell efficiency requirement for reaching 1,000 W/kg does not appear to require a tremendous leap of faith.
As a sanity check on the results of Fig. 10 , the historical progression of specific power for SCARLET to rigid-panel SLA to flexible-blanket SLA to far-term SLA is shown in Fig. 11 . Note that the 1,000 W/kg far-term SLA specific power projection for 2023 appears to be a reasonable extrapolation of past, current, near-term, and mid-term values. 
CONCLUSIONS
In this paper, a roadmap has been provided for refractive photovoltaic concentrator arrays to achieve 1,000 W/kg specific power in the far term (20 years). This array performance target will require an improvement in multijunction cell conversion efficiency from the present level of approximately 30% to 45%-50%. This array performance target will further require mass reductions in the key components of the refractive concentrator, including a 20% reduction in stretched lens thickness and mass (by using silicone/POSS material), a 50% reduction in composite radiator thickness and mass (by incorporating carbon nanotubes into the sheet), a 40% reduction in cell mass (by thinning the Ge wafer or by using a silicon wafer), and a lighter photovoltaic receiver assembly (by using direct-bonded polyimide film, integral bypass diodes, and a streamlined cell interconnection scheme.) These mass reductions will enable the total flexible blanket areal mass density to become 0.342 kg/m 2 or less. With a 92% lens optical efficiency (already demonstrated) and a 48% cell efficiency, the areal power density in Earth orbit will exceed 600 W/m 2 . Dividing this areal power by the flexible blanket areal mass provides a blanket-level specific power of 1,766 W/kg. The full array specific power will be less, due to the added mass of the deployment and support structures and mechanisms, which represent approximately 40% of the total array mass. Including this balance-of-array mass, the total array specific power is 1,060 W/kg for the assumed 48% cell efficiency. Even if the cell efficiency target is slightly missed, a total array specific power over 1,000 W/kg is achievable with a 46% cell.
Building on a very successful flight heritage, including the mini-dome lens array on PASP Plus and the SCARLET array on Deep Space 1, future refractive concentrator arrays should be available to provide reliable, ultra-light, and cost-effective space power for far-term missions both small and large, including those in the multi-MW class.
